Plant diseases severely reduce crop yields and threaten global food security. Broad-spectrum resistance (BSR) is a desirable trait because it confers resistance against more than one pathogen species or the majority of races/strains of the same pathogen. To control plant diseases, breeders have selected BSR to reduce disease occurrence and prolong the life-span of newly released cultivars in the last several decades (Mundt, Phytopathology 108 (7):792-802, 2018). Although effective, breeding of BSR cultivars in crop plants is still time-consuming and technically challenging. Recently, new gene-editing technologies such as CRISPR/Cas9 have dramatically accelerated the process of plant breeding and provided an approach for rapidly creating new varieties with BSR and other beneficial traits (Borrelli et al., Front Plant Sci 9:1245 , 2018 ). In addition, close surveillance of pathogen populations in the field can provide useful information for the deployment of appropriate resistance genes in the target regions. In this mini-review, we focus on the significance and application of the exciting results from two recent companion papers published in Nature Biotechnology that provide new strategies to develop crop plants with BSR against pathogens through targeted promoter editing of susceptibility genes in plants as well as pathogen population monitoring.
Rice is the main food crop and feeds more than half of the world's population. The rice bacterial blight (BB), caused by Xanthomonas oryzae pv. oryzae (Xoo), is considered to be the most severe bacterial disease of rice. The infection can cause up to 50% of yield loss in epidemic areas, thus making the disease a significant threat to food security in rice-producing countries around the world (Liu et al. 2014) . During infection, Xoo secretes transcription-activator-like effectors (TALes) into the plant cell which primarily induce the Sugars Will Eventually Be Exported Transporters (SWEET) genes by binding to effector-binding elements (EBEs) in their promoters. There are over 20 SWEET genes that encode the sucrose transporters in rice. Among them, five belong to the clade III SWEET genes (SWEET11-15) that were identified as susceptibility (S) genes for BB (Yuan and Wang 2013; Streubel et al. 2013 ). The specificity for which SWEET genes are induced by different Xoo strains is dependent on which TALes they secrete. Strains producing PthXo1 and PthXo2 can induce the expression of SWEET11 and SWEET13, respectively, whereas SWEET14 can be induced by several TALes like PthXo3, AvrXa7, TalC or TalF (Yang et al. 2006; Antony et al. 2010; Zhou et al. 2015; Doucoure et al. 2018) . In rice germplasm, naturally occurring nucleotide polymorphisms or indels at EBEs of the SWEET genes lead to rice resistance to Xoo strains that harbor the cognate TALes. For example, the recessive genes xa13, xa25 and xa41(t) are derived from naturally occurring promoter variants of SWEET11, SWEET13 and SWEET14, respectively, and confer resistance to Xoo (Yang et al. 2006; Hutin et al. 2015; Zhou et al. 2015) . Therefore, the induction of these SWEET host genes is perceived as a critical process leading to eventual Xoo infection. Based on these findings, artificially introduced mutations in the rice SWEET gene promoters created by gene-editing technologies were used to engineer broadspectrum resistance (BSR) to BB. For instance, the mutations in the SWEET14 promoter generated by transcription activator-like effector nucleases (TALENs) in rice confers resistance to Xoo strains harboring the cognate TALes PthXo3 and AvrXa7 (Li et al. 2012; Blanvillain-Baufumé et al. 2017) .
Recently, Oliva et al. (2019) elegantly demonstrated the development of BSR against BB by utilizing stacked CRISPR/Cas9 SWEET gene editing in the Kitaake cultivar, which also carries a natural resistance allele of SWEET13. Their in-depth genome sequence analysis of 63 extant Xoo strains from Asia (Xoo S ) and Africa (Xoo F ) showed that remarkably all 63 Xoo strains contain TALes that are predicted to induce SWEET genes. Subsequent virulence assays using a diverse collection of 105 Xoo strains were performed on Kitaake and its derivative mutant lines generated by TAL effector nucleases (TALENs), which included natural variants in SWEET13 and introduced mutations in SWEET11 and 14 promoters. The results indicated that 10 Xoo strains were avirulent on wildtype Kitaake, and 87 of the remaining 95 strains lost virulence due to the mutations in either the SWEET11 or SWEET14 gene promoters. The remaining eight strains were virulent presumably due to utilizing different host targets for promoting disease.
Based on the characteristics of the TALes in the Xoo strains and their target EBEs in the SWEET genes, Oliva et al. (2019) . were able to perform stacking editing of multiple EBEs via CRISPR-Cas9 in Kitaake, as well as the mega varieties IR64 and Ciherang-Sub1 which were cultivated in over one million hectares. As expected, the derived transgenic lines of Kitaake conferred BSR to all the Xoo strains tested. Importantly, the group discovered that the main agronomic traits of the mega rice varieties are similar to wild-type plants, further highlighting the value of this editing strategy. It is worth mentioning that another group just reported that the multiple stacking editing of EBEs in the promoter of SWEET11, SWEET13 and SWEET14 via CRISPR/Cas9 also created a new germplasm with BSR against all the tested 133 Xoo strains (Xu et al. 2019 ). These two latest reports remarkably proved that the multiple editing of S genes is an effective and valuable means to engineer plant BSR within cultivated rice varieties.
The widespread and long-term employment of BSR cultivars will likely increase the selection pressure on pathogen populations and increase the appearance of resistance-breaking strains (McDonald and Linde 2002; Mundt 2014 ). In the companion paper, a diagnostic kit named SWEET R kit 1.0 was developed to track the mutations of Xoo strains as well as to help farmers choose appropriate rice varieties that lack the binding sequences of the cognate TALes in the local Xoo populations . To facilitate further research on BB pathosystems, this kit includes a SWEET promoter database, named SWEETpDB, to document EBEs across several rice accessions including Kitaake, Nipponbare, and Komboka. Other useful kit components include SWEET up primers sets to monitor host gene expression during Xoo infection, as well as SWEET accrice tester lines for detecting SWEET protein induction. The kit also contains SWEET gene knock-out lines SWEET ko and SWEETp R tester lines with the genomeedited EBE mutations to identify virulence of Xoo isolates. A Geographic Information System based decision tool named PathoTracer is included as well, which consolidates Xoo disease population and distribution research data within a user-friendly interface. In combination, these tools allow extension specialists and farmers to make educated decisions about appropriate resistant cultivar selection for the target rice growing regions experiencing BB pressure .
Using BB as a model pathosystem, these two studies nicely showed an integrated, innovative approach to control an important plant disease (Fig. 1) . They clearly demonstrated the power of gene-editing technology for engineering BSR rice cultivars and developed a complete molecular diagnostic kit that can constantly monitor the molecular dynamics of TALes in the Xoo populations and SWEET gene expression in the rice cultivars. The availability of the 32 transgene-free EBEedited lines of IR64 and Ciherang-Sub1 by Oliva et al. (2019) offers excellent materials to control BB in Asia and Africa. These two studies set an outstanding example for the effective control of plant diseases caused by TAL-containing bacteria in other grain, vegetable, and fruit crops. Nevertheless, a few questions remain to be answered and addressed. First, the durability of BB resistance in the edited mega varieties should be tested in multiple rice growing regions, such as China, India, Korea, and the Philippines to assess the impact of climate. Second, a thorough evaluation of the agronomic traits of the edited mega varieties should be measured in different environmental conditions such as drought, cold or salinity stresses that are commonly encountered by rice growers. Third, whether off-target mutations are present should be determined in the edited mega varieties to address the specificity of this technique. Fourth, whether super-virulent Xoo strains will be generated in the regions growing these edited cultivars should be closely monitored to prevent devastating losses for farmers. Finally, introducing other types of effective resistance genes into the edited mega varieties should be considered to increase the Xoo resistance durability of these rice lines for dependable production and increased food security in the decades to come. Fig. 1 Strategy to achieve durable resistance to bacterial blight (BB) disease in rice. The sequence of the TALe genes in the Xoo strains collected from the field are constantly monitored using SWEET R kit 1.0. Once mutations in the TALe genes are detected and optimal SWEET R lines are identified, existing cultivars will be replenished with newly promoter-edited ones to provide high resistance to BB. The updated SWEET R kit 2.0 will be used to continue monitor the Xoo population Ó Agricultural Information Institute, Chinese Academy of Agricultural Sciences 2020 aBIOTECH
